Recent structural imaging studies have described hippocampal volume changes following electroconvulsive therapy (ECT). It has been proposed that serum brain-derived neurotrophic factor (sBDNF)-mediated neuroplasticity contributes critically to brain changes following antidepressant treatment. To date no studies have investigated the relationship between changes in hippocampal volume, mood, and sBDNF following ECT. Here, we combine these measurements in a longitudinal study of severe late-life unipolar depression (LLD). We treated 88 elderly patients with severe LLD twice weekly until remission (Montgomery-Åsberg Depression Rating Scale (MADRS) o10). sBDNF and MADRS were obtained before ECT (T0), after the sixth ECT (T1), 1 week after the last ECT (T2), 4 weeks after the last ECT (T3), and 6 months after the last ECT (T4). Hippocampal volumes were quantified by manual segmentation of 3T structural magnetic resonance images in 66 patients at T0 and T2 and in 23 patients at T0, T2, and T4. Linear mixed models (LMM) were used to examine the evolution of MADRS, sBDNF, and hippocampal volume over time. Following ECT, there was a significant decrease in MADRS scores and a significant increase in hippocampal volume. Hippocampal volume decreased back to baseline values at T4. Compared with T0, sBDNF levels remained unchanged at T1, T2, and T3. There was no coevolution between changes in MADRS scores, hippocampal volume, and sBDNF. Hippocampal volume increase following ECT is an independent neurobiological effect unrelated to sBDNF and depressive symptomatology, suggesting a complex mechanism of action of ECT in LLD.
INTRODUCTION
In severe late-life depression (LLD), electroconvulsive therapy (ECT) is the most effective treatment available and the safest choice for those who cannot tolerate or respond poorly to medications (Kerner and Prudic, 2014) . ECT-induced structural brain changes have been documented in both animal and human studies, but the cause and extent of these structural changes as well as the relationship with therapeutic efficacy remains unclear (Bouckaert et al, 2014) . To date, hippocampal volume changes and neuroplasticity-related mechanisms (neurogenesis, synaptogenesis, angiogenesis, or gliogenesis) have been studied most extensively (Bouckaert et al, 2014) .
Although major depression is not generally considered to be a hippocampal disorder, both biochemical and structural abnormalities of the hippocampus are frequently associated with the illness (Pilar-Cuellar et al, 2013) . Moreover, the hippocampus and brain regions that mediate emotional and cognitive regulation are anatomically connected, lending support to the role of the hippocampus in depressionrelated circuitry (Price and Drevets, 2010; Abbott et al, 2014) . Several recent magnetic resonance imaging (MRI) studies have described hippocampal volume changes following ECT (Nordanskog et al, 2010; Tendolkar et al, 2013; Abbott et al, 2014; Dukart et al, 2014; Nordanskog et al, 2014; Joshi et al, 2015; Jorgensen et al, 2015; Ota et al, 2015; Bouckaert et al, 2015; Sartorius et al, 2016) . Some of these studies have also addressed structural changes in other brain areas relevant to depressive disorders, such as dorsolateral prefrontal cortex, orbitofrontal cortex (Jorgensen et al, 2015) , lateral temporal cortex (Bouckaert et al, 2015) , caudate nucleus (Bouckaert et al, 2015) , and amygdala (Tendolkar et al, 2013; Jorgensen et al, 2015; Joshi et al, 2015; Ota et al, 2015; Sartorius et al, 2016) . Only one study did not detect gray matter volume changes (Nickl-Jockschat et al, 2016) .
Brain-derived neurotrophic factor (BDNF)-mediated neuroplasticity may contribute critically to brain changes following antidepressant treatment (Vaidya et al, 1999; Molendijk et al, 2013) . Similar to pharmacological interventions, peripheral BDNF levels increase after ECT in some but not all studies (Polyakova et al, 2015) . Moreover, there is strong evidence that decreased BDNF is associated with age-related hippocampal dysfunction and increased risk for depression (Erickson et al, 2010; Erickson et al, 2012) .
The 'anatomical-ictal hypothesis' (Bolwig, 2011) aims to unify the concepts introduced above by relating hippocampal dysfunction and neuroplasticity to the working mechanism of ECT. It proposes that seizure activity in the limbic system induces neurotrophic effects crucial for therapeutic efficacy (Bolwig, 2011) . This hypothesis is in line with the preclinically developed notion that stress is associated with neuronal atrophy and reduced neurogenesis (Duman and Aghajanian, 2012) , impaired synaptic plasticity, and dendritic arborization in the hippocampus (Sousa et al, 2000) , whereas antidepressants and electroconvulsive stimulation (ECS; the animal model of ECT) stimulate neurogenesis (Bolwig, 2011) , synaptogenesis, gliogenesis, and angiogenesis (Duman and Aghajanian, 2012; Bouckaert et al, 2014) .
To date, no studies have examined the association between hippocampal volume, therapeutic efficacy, and serum BDNF (sBDNF) following ECT in patients with LLD. Here, we combined these variables in a longitudinal study of severe late-life unipolar depression in order to validate the combined anatomical-ictal theory.
We hypothesized that, given the decrease in both sBDNF and hippocampal volume in depression (Bus et al, 2012; Erickson et al, 2012; Sexton et al, 2013 ), ECT would increase the level of sBDNF, which would be associated with an increase in hippocampal volume, and subsequent positive treatment response.
MATERIALS AND METHODS

Subjects and Characteristics
Subjects were included at the University Psychiatric Center KU Leuven, Belgium, and GGZinGeest, Amsterdam, the Netherlands. Data collection started in January 2011 and was finished in July 2014. The Leuven cohort included 28 patients whose data were used in a previous voxel-based analysis investigating gray matter changes 1 week after the completion of ECT (Bouckaert et al, 2015) . All subjects were 55 years and older (LLD) and had a DSM-IV-defined major depressive disorder, with or without psychotic symptoms. Age at first depressive episode before 55 years was classified as early-onset depression (EOD), a first episode at 55 years and older was defined as late-onset depression (LOD). The diagnoses were made by a psychiatrist and confirmed by the Mini International Neuropsychiatric Interview (Sheehan et al, 1998) . Exclusion criteria were another major psychiatric illness, a major neurological illness (including Parkinson's disease, stroke, and dementia), and contraindications to MRI. Psychotropic medication was discontinued at least 1 week before ECT, or, if deemed impossible, kept stable from 6 weeks before ECT and during the ECT course.
Trazodone (⩽100 mg), clotiapine (⩽40 mg), or lorazepam (⩽5 mg) was allowed pro re nata (agitation, anxiety, and insomnia). After T2 (1 week post ECT), further treatment was based on the clinical judgment of the treating psychiatrist: 9.1% (n = 8) received an SSRI, 65.9% (n = 58) nortriptyline, 30.7% (n = 27) a combination of nortriptyline and lithium, 19.48% (n = 15) antidepressants combined with continuation ECT (cECT), and 3.90% (n = 3) received cECT only.
All patients provided written informed consent. The ethical committees of the two centers approved this study, which was conducted according to the declaration of Helsinki.
Study Design
Subjects were assessed 1 week before ECT (T0), after the sixth ECT (T1), 1 week (T2), 4 weeks (T3) after the last ECT, and also 6 months after the last ECT (T4).
ECT Procedure
ECT was administered twice a week with a constant-current brief-pulse device (Thymatron System IV, Somatics, IL, USA). Anesthesia was achieved with intravenous administration of etomidate (0.2 mg/kg) and succinylcholine (1 mg/kg). Motor and electroencephalographic seizures were monitored to ensure adequate duration and quality. Subjects were all treated with right unilateral (RUL) ECT with stimulus intensity six times the initial seizure threshold (ST), as determined by empirical dose titration at the first treatment, until remission. Subjects who failed to respond RUL ECT after the sixth treatment were switched to bitemporal ECT (1.5 × ST; Dutch Guideline for ECT, 2010). All patients were treated with brief pulse (0.5-1.0 ms) ECT.
Clinical Instruments
Depressive symptoms were monitored at time points T0, T1, T2, and T3, using the Montgomery-Åsberg Depression Rating Scale (MADRS; Montgomery and Asberg, 1979) . Response was defined as a decrease in MADRS scores of at least 50%, remission as MADRS score o10 at two consecutive weekly assessments, and relapse as a MADRS score 415, a re-admission, restart of ECT, or suicide.
BDNF Protein Measurements
Blood samples were taken between between 0730 and 0930 hours after an overnight fast. Serum was immediately separated and stored at − 85°C for a period varying between 7 and 43 months until being assayed. BDNF protein levels were measured using the Emax Immuno Assay System from Promega according to the manufacturer's protocol (Madison, WI, USA) in one laboratory (Maastricht University). Undiluted serum was acid-treated as this reliably increased the detectable BDNF in a dilution-dependent manner. Greiner Bio-One high-affinity 96-well plates were used. Serum samples were diluted 100 times, and the absorbency was read in duplicate using a Bio-Rad (Hercules, CA, USA) Benchmark microplate reader at 450 nm. The intra-and inter-assay coefficients of variation were found to be within 3% and 14%, respectively. No subjects had BDNF values below the reliable detection threshold of 1.56 ng/ml. These values were set at the lower detection limit. Positive outliers were trimmed to the mean +3 SD value. This procedure was performed at four time points: T0, T1, T2, and T3.
MRI Acquisition and Processing
Structural MRI was performed at T0 (n = 66), T2 (n = 66), and T4 (n = 23). High-resolution 3D T1-weighted images were acquired using an eight-channel head-coil with a 3D turbo field echo sequence on a 3T Philips Intera scanner in Leuven and on a 3T GE Signa HDxt scanner in Amsterdam (TR = 9.6 s, TE = 4.6 s, flip angle = 8°, slice thickness = 1.2 mm, in-plane voxel size = 0.98 × 0.98 × 1.2 mm 3 , 182 slices, acquisition time = 383 s).
Hippocampal Volume Measurements
A single-trained rater blinded to time point manually delineated the hippocampus in native space following an initial automatic segmentation step (van der Lijn et al, 2008) . Manual editing was performed using ITK-SNAP version 2.4 (http://www.itksnap.org/pmwiki/pmwiki.php) in accordance with the HarP guidelines (Frisoni et al, 2015) . Hippocampal volumes were normalized using the following equation (Jack Jr. et al, 1989) : normalized hippocampal volume = original hippocampal volume (OHV) − linear regression coefficient × (total intracranial volume (TIV) − mean total intracranial volume). The coefficient was derived from a linear regression of TIV and OHV. TIV was obtained from an automated segmentation of gray matter, white matter, and cerebrospinal fluid (Jain et al, 2015) . Intra-rater reliability was determined using randomly selected scans segmented at two time points at least 1 month apart. The intraclass correlation coefficient (Cronbach's α) was 0.96 for the left hippocampus and 0.95 for the right hippocampus.
Statistical Analysis
Baseline associations. To assess the association between illness severity (as measured by MADRS), sBDNF, and total hippocampal volume at baseline, Pearson's correlations were used. To determine whether LOD and age were related to these three variables of interest at baseline (T0), we performed multiple regression analyses adjusted for site (Amsterdam versus Leuven) and medication use (yes or no).
Longitudinal changes. To examine the evolution of MADRS, sBDNF, and hippocampal volume over the different time points (T0, T1, T2, T3, and T4), multilevel or linear mixed models (LMM) were estimated with repeated measurements (level 1) being nested within patients (level 2). Moreover, for each of the variables of interest-MADRS, sBDNF, and hippocampal volume-the effects of LOD and age were examined and all analyses were adjusted for site, medication use during ECT, switching from unilateral to bitemporal electrode position (yes or no), and the total number of received ECT sessions. Model selection was based on likelihood ratio tests and information criteria. When the analyses revealed significant differences between time points (T0-T4), pair-wise post hoc comparisons between time points were performed using Tukey-Kramer adjustments.
Coevolution of MADRS, sBDNF, and hippocampal volume over time. To examine the coevolution of MADRS, sBDNF, and hippocampal volume over time, a multivariate LMM for change was used to investigate whether participants showed the same rate of change on the three different variables. The best fitting model for each of the variables was selected based on graphical inspection of the data, likelihood ratio tests, and information criteria. To investigate the coevolution or rate of change of the different variables, the model not only yields estimates of fixed effects, random variance parameters, random covariance parameters, and error terms for each outcome variable separately, but also random covariances for parameters representing different outcome variables. For example, a significant covariance between the random subject-specific slopes for time for MADRS on the one hand, and the random subject-specific slopes for time for sBDNF on the other hand would indicate that subjects are characterized by the same linear evolution over time on both outcome variables. All analyses were performed in SAS 9.1 (SAS Institute, Cary, NC).
Missing data. With respect to missing data, we used the direct likelihood approach (also called likelihood-based ignorable analysis; Beunckens et al, 2005) . The direct likelihood approach makes use of all available information without the need either to delete or to impute measurements, and makes appropriate adjustments-valid under the assumption of missing at random-to parameters at times when data are incomplete because of the within-patient correlation.
RESULTS
Clinical Characteristics
We included 88 subjects (34% males) with a mean age of 72.6 (range 55-92; SD = 8.5). Age at onset of first depression was late (455 years) in 54.5% of the subjects. The mean duration of illness (in months) was 12.44 (range 1-144; SD = 20.12). The mean number of depressive episodes was 2.92 (range 0-20; SD = 3.5). The mean administered number of ECT sessions was 12 (range 4-36; SD = 5.6). In 73 subjects (83%), medication was discontinued before ECT. Fifteen subjects (17%) were kept on a stable dose of nortriptyline, venlafaxine, sertraline, or escitalopram. Twenty-seven subjects (30.7%) who failed to respond initially to RUL ECT were switched after the sixth treatment to bitemporal ECT.
Baseline Correlations of Illness Severity, sBDNF, and Hippocampal Volume
Baseline sBDNF correlated significantly with baseline right hippocampal volume (r = 0.27; p = 0.01), left hippocampal volume (r = 0.30; p = 0.008), and total hippocampal volume (r = 0.30; p = 0.007; Figure 1 ), but not with illness severity. There were also no significant correlations between hippocampal volume and illness severity. In addition, we examined whether LOD and age were related to MADRS, sBDNF, and total hippocampal volume at baseline adjusting for site and medication use. Multiple regression revealed that LOD, t(1) = − 0.19, p = 0.85, and age, t(1) = − 0.32, p = 0.75, were not related to MADRS at baseline. Both variables were also not related to sBDNF at baseline, LOD, t(1) = 0.52, p = 0.61, and age, t(1) = − 0.66, p = 0.51. Finally, LOD was not related to total hippocampal volume at baseline, t(1) = − 0.57, p = 0.57, but age was, t(1) = − 2.82, p = 0.006, with older patients having a smaller total hippocampal volume. Separate analyses for left and right hippocampal volume revealed similar results.
Evolution of Clinical Response
The LMM for the MADRS revealed significant differences between the different time points, F(4,278) = 94.67, po0.0001. Pairwise comparisons (see Table 1 ) among the different time points revealed significant differences between the MADRS both at baseline (T0) and all other time points, as well as after the sixth ECT (T1) and all other time points. There were no significant differences between MADRS scores 1 week post ECT (T2), 4 weeks post ECT (T3), and 6 months post ECT (T4) ( Table 1 and Figure 2) . Response, remission, and relapse data are included in Table 1 .
Evolution of sBDNF
The LMM for sBDNF revealed no significant differences in sBDNF over the different time points, F(3,222) = 0.81, p = 0.50 (Table 1 and Figure 3 ). In addition, there were no significant effects of LOD, F(1,222) = 0.19, p = 0.60, or age, F(1,222) = 2.82, p = 0.60. MADRS score, Montgomery-Åsberg Depression rating scale score; n, number of subject; sBDNF, serum brain-derived neurotrophic factor; T0, baseline; T1, after the sixth ECT; T2, 1 week after last ECT; T3, 4 weeks after last ECT; T4, 6 months after last ECT. Response defined as decrease in MADRS scores of at least 50%; remission defined as MADRS score o10 at two consecutive weekly assessments with a week interval; relapse defined as re-admission, restart of ECT, suicide, or a MADRS score 415. All analyses are adjusted for site, medication use during ECT, switching from unilateral to bitemporal electrode position, and number of ECT received.
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Evolution of Hippocampal volume
The LMM for hippocampal volume revealed significant differences between time points, F(2,252) = 13.03, po0.0001 (Table 1 and Figure 4 ). Pairwise post hoc comparisons (see Table 1 ) among these time points showed that hippocampal volume was significantly lower at baseline (T0) compared with 1 week post ECT (T2) but not significantly different from hippocampal volume 6 months after ECT (T4). Hippocampal volume was also significantly different at T2 and T4. In addition, hippocampal volume was significantly lower in the left hemisphere (difference = 154.30 mm 3 (SE = 48.07), F(1,252) = 31.31, po0.0001), but the evolution in hippocampal volume over the different time points was similar for left and right hippocampi, F(2,252) = 1.70, p = 0.19. Finally, there was no effect of LOD, F(1,252) = 0.93, p = 0.034, but at all time points older patients tend to have a smaller hippocampal volume, F(1,256) = 6.94, p = 0.0090. Analyses for the total hippocampal volume yielded similar results.
Coevolution between Hippocampal Volume, sBDNF, and Mood
Estimation of the multivariate mixed model for change indicated no evidence for a coevolution between hippocampal volume, sBDNF, and depression severity as indicated by the lack of significant (co)variances in the slope parameters of these variables.
DISCUSSION
To our knowledge, this is the first study investigating the relationship between hippocampal volume, depressive symptomatology and sBDNF following ECT in LLD. As expected, depressive symptomatology improved significantly one week after the last ECT. Hippocampal volume initially increased and then normalized 6 months after the last ECT. sBDNF did not change significantly over the assessment period. We did not find any coevolution between changes in MADRS scores, hippocampal volume and sBDNF.
Relationship between Clinical Response and sBDNF
Our results are in line with reports showing no changes in sBDNF during and after ECT, as well as studies showing no correlation with depression improvement (Jorgensen et al, 2015; Rapinesi et al, 2015) . Although BDNF can have a crucial role in the development of depression and its recovery (Molendijk et al, 2013; Bus et al, 2012 Bus et al, , 2015 , our study seems to indicate that improvements in depression and sBDNF are unrelated. The inability to elevate sBDNF levels following ECT could be because of an age-related less responsive BDNF system (Calabrese et al, 2013; Rapinesi et al, 2015) . This could well be related to an age-related decrease in sBDNF levels. In our sample, the mean sBDNF level was 18.27 ng/ml, which is in line with earlier reports of elderly populations (Erickson et al, 2010; Bus et al, 2012; Rapinesi et al, 2015) but lower compared with levels ranging from 9.5 to 29.0 μg/ml in non-elderly depressed patients (Sen et al, 2008 ). Differences in the sBDNF level could also be explained by sample characteristics and protocols used (eg, urbanicity, sex, smoking status, time of blood withdrawal, and so on; Bus et al, 2011) . Similar to the observation from a large longitudinal study showing that initiation or discontinuation of antidepressants is not associated with sBDNF change (p = 0.72; Bus et al, 2015) , we did not find any differences between the subjects who continued antidepressant therapy with the non-medicated sample.
Relationship between Depressive Symptomatology and Hippocampal Volume Changes
Although hippocampal volume increased after ECT, and depressive symptoms decreased, we failed to find a relationship between these variables. This is in line with previous studies (Nordanskog et al, 2010; Tendolkar et al, 2013; Abbott et al, 2014; Dukart et al, 2014; Nordanskog et al, 2014; Bouckaert et al, 2015; Jorgensen et al, 2015; Ota et al, 2015; Sartorius et al, 2016) . Only two studies found an association between hippocampal volume increase and therapeutic efficacy (Dukart et al, 2014; Joshi et al, 2015) . Our data suggest that the hippocampal volume increase after ECT is transient and reverts to baseline within 6 months, even though the antidepressant effect is sustained. Hippocampal volume, sBDNF and depression after ECT F Bouckaert et al decrease 4 weeks (Jorgensen et al, 2015) and 6 months (Nordanskog et al, 2014) after the last ECT.
Relationship between Hippocampal Volume Changes and sBDNF Changes
At baseline, higher sBDNF levels were associated with larger hippocampi, a result that was also shown by Erickson et al (2010) in 142 older adults without dementia and without depression.
In preclinical research, BDNF has been convincingly demonstrated to relate to synaptic plasticity and neurogenesis in the hippocampal dentate gyrus (Erickson et al, 2010) . In addition, ECS increases BDNF mRNA and protein concentration in the rodent brain, with largest effect sizes measured in the dentate gyrus (Polyakova et al, 2015) . Unlike these preclinical data, we were not able to show a relationship between changes in hippocampal volume and sBDNF. Although several studies have reported positive correlations between sBDNF and BDNF in both the prefrontal cortex and the hippocampus, suggesting a link between peripheral and central sources of BDNF (Sartorius et al, 2009; Elfving and Wegener, 2012) , the degree to which sBDNF reflects BDNF levels in some brain areas remains a matter of speculation (Erickson et al, 2012) . A delayed increase of sBDNF at 2 or 3 weeks after the last ECT has been described recently (Bumb et al, 2015) , suggesting that the sBDNF peak could have been missed in our study or may not coincide with hippocampal volume changes.
Time Course of ECT-Induced Hippocampal Volume Changes
Preclinical studies suggest ECS-related structural plasticity (neurogenesis, synaptogenesis, angiogenesis, or gliogenesis; Bouckaert et al, 2014) . However, given the low number of new neurogenic cells produced in adulthood (Spalding et al, 2013) , dendritic remodeling, synapse turnover, increased glial cell, and capillary density rather than neuronal replacement may account for ECT-induced volumetric changes (Bessa et al, 2009) . Accordingly, Nordgren et al (2013) hypothesized that ECT causes transient downregulation of the key molecules needed to stabilize synaptic structures and to prevent calcium influx, and a simultaneous increase in neurotrophic factors, thus providing a short window of increased structural synaptic plasticity. Their findings indicate that the window of plasticity with increased neuromodulation is followed by a later phase during which the synaptic network is stabilized in a new, slightly altered configuration. The structural synaptic rearrangements in this altered configuration could conceivably be causing the volume decrease at T4 following the initial increase at T2. These findings are in line with the partial reversion of ECSinduced synaptic remodeling following 12 weeks of recovery seen in rats (Bolwig and Jorgensen, 1980) . Interestingly, 2 of the 23 patients who had a third MRI received cECT (with antidepressants and no lithium) after T2 and showed no volume decrease at T4 (data not shown). Although speculative, this suggests no reversion of the ECT-induced structural changes when ECT is continued.
Alternative Processes Accounting for Hippocampal Volume Changes following ECT
Other than neuro-, synapto-, glio-, and vasculogenesis, processes such as brain tissue reaction to the electric current, possibly associated with edema, blood-brain barrier breach, and activity level should be considered as alternative explanations for hippocampal volume change.
In a previous study using voxel-based morphometry, we described a marked lateralization of gray matter volume increase toward the stimulation side, suggesting that a current-related effect may contribute to hippocampal volume changes (Bouckaert et al, 2015) . In our current study, however, there was no significant difference in evolution of hippocampal volume between the left and right hippocampus over the different time points, and there was no difference in the degree of volume change between the patients who were treated with RUL ECT and those who were switched to bitemporal ECT.
Although early preclinical research has demonstrated that postictal dendritic swelling could be reversible (Hesse and Teyler, 1976) , and the transient intra-ictal breach in the blood-brain barrier (Andrade and Bolwig, 2014 ) might facilitate local swelling, there is evidence suggesting that edema is unlikely to be the primary cause of the observed volume changes (Kunigiri et al, 2007; Szabo et al, 2007; Nordanskog et al, 2010; Jorgensen et al, 2015) .
As hippocampal growth due to exercise has been described (Erickson et al, 2012 ), normalization of activity-level post ECT should be investigated as a covariate influencing hippocampal volume increase.
To the best of our knowledge, this was the first study to investigate the relationship between hippocampal volume, depressive symptom severity, and sBDNF following ECT in LLD. It was also the largest study to investigate the coevolution of these key parameters in patients with unipolar depression following ECT, and used the gold-standard manual segmentation approach for hippocampal volume measurement. Some limitations should be addressed. First, a limited number of subjects were not medication-free. As antidepressants are likely to influence sBDNF and gray matter volume (Frodl et al, 2008; Sen et al, 2008) , this could have influenced our results. The subjects who continued pharmacotherapy had been taking these drugs for at least 6 weeks. We did not, however, find any significant differences in the evolution of sBDNF, hippocampal volume, or MADRS between the medicated and non-medicated participants. Second, as there were only 23 subjects of the 69 at 6-month follow-up who had an MRI, we should be cautious about the interpretation and conclusions at 6 months post-ECT. Although the direct likelihood approach is recommended to deal with missing data (Beunckens et al, 2005) , we also performed an auxiliary Complete Case (CC) analysis (n = 22) for MADRS, sBDNF, and hippocampal volume (data not shown), which yielded similar results. Third, the absence of matched comparison subjects did not allow us to control for variance induced by repeated measurements. However, the longitudinal design of the study permitted powerful within-subject analyses and the participants served as their own control for identifying volumetric changes specifically from ECT. Fourth, although we assume that the hippocampus increases in volume physically, the measurements are based on MRI signal intensity. Cousins et al (2013) demonstrated that lithiuminduced GM volume increase detected by VBM may be exaggerated by alterations in the T1 properties of the tissue of interest (Cousins et al, 2013) . Whereas these effects are likely to be more pronounced in automated morphometry methods, it remains possible that we are not detecting a physical volume increase but localizing the effect of ECTinduced tissue change.
In conclusion, ECT induces a significant but transient hippocampal volume increase. Contrary to the combined anatomical-ictal hypothesis, our data suggest that hippocampal volume increase following ECT is an independent neurobiological effect that is unrelated to sBDNF and depressive symptomatology, suggesting a complex mechanism of action of ECT in LLD.
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